Measurements of membrane protein structure and function often rely on reconstituting the protein 12 into lipid bilayers through the formation of liposomes. Many measurements conducted in 13 proteoliposomes, e.g. transport rates, single-molecule dynamics, monomer-oligomer equilibrium, 14 require some understanding of the occupancy statistics of the liposome population for correct 15 interpretation of the results. In homogenous liposomes, this is easy to calculate as the act of protein 16 incorporation can be described by the Poisson distribution. However, in reality, liposomes are 17 heterogeneous, which alters the statistics of occupancy in several ways. Here, we determine the 18 liposome occupancy distribution for membrane protein reconstitution while taking into account 19 liposome size heterogeneity. We calculate the protein occupancy for a homogenous population of 20 liposomes with radius r = 200 nm, representing an idealization of vesicles extruded through 400 21 nm pores and compare it to the right-skewed distribution of 400 nm 2:1 POPE:POPG vesicles. As 22 than one protein at higher protein/lipid densities. These results demonstrate that the occupancy 32 distributions of membrane proteins into vesicles can be accurately predicted in heterogeneous 33 populations with experimental knowledge of the liposome size distribution. 34 35 Keywords 36 Liposome size distribution, Poisson, membrane protein, reconstitution, single-molecule 37 photobleaching, CLC-ec1 38 39 Abbreviations 40
is the case for E. coli polar lipids, this synthetic composition yields a sub-population of small 23 liposomes, ~25 nm in radius with a long tail of larger vesicles. Previously published microscopy 24 data of the co-localization of the CLC-ec1 Cl -/H + transporter with liposomes, and vesicle 25 occupancy measurements using functional transport assays, shows agreement with the 26 heterogeneous 2:1 POPE:POPG population. Next, distributions of 100 nm and 30 nm extruded 2:1 27 POPE:POPG liposomes are measured by cryo-electron microscopy, demonstrating that extrusion 28 through smaller pores does not shift the peak, but reduces polydispersity arising from large 29 liposomes. Single-molecule photobleaching analysis of CLC-ec1-Cy5 shows the 30 nm extruded 30 population increases the 'Poisson-dilution' range, reducing the probability of vesicles with more 31 lipids. 48 49 1. Introduction 50 51 Membrane protein reconstitution involves the incorporation of purified membrane-embedded 52 proteins into lipid bilayers for functional and structural interrogation (1). It provides a means to 53 study the protein in the context of the native solvent structure, which is a distinctly different 54 environment than the detergent micelle state from which the protein is usually purified. There are 55 several methods of reconstituting membrane proteins (2), each involving the mixing of a known 56 amount of protein with a known amount of lipids, followed by a procedure to allow for the faithful 57 incorporation of the protein into the bilayer while preserving the protein structure. Since most 58 membrane proteins do not spontaneously insert into lipid bilayers (3), this requires a gentle 59 approach of exchanging the protein from the stable detergent solubilized state to a lipid bilayer 60 solvated condition. A common method to do this is to mix a small amount of protein stabilized in 61 a detergent micelle, with lipids that have been solubilized with a detergent with a high critical 62 pore size (12) . The probability of protein incorporation into that vesicle is a random process that 94 depends on the density of protein in the overall membrane, and the number of vesicles in the 95 resultant liposome population (8, 13, 14) . 96 97 It is advantageous to understand how protein is incorporated into the liposome population, 98
for the interpretation of functional and structural studies as described above. If the liposome size 99 distribution is uniform and there is a single protein species of interest, then this can be calculated 100 using the formula for the Poisson distribution (equation 1). However, realistically, extruded 101 liposomes lead to non-uniform distributions except for the smallest pore sizes. Liposome size 102 distributions can be directly measured by imaging liposome samples, using freeze-fracture or cryo-103 electron microscopy (EM) approaches (7) . Alternatively, numerical distributions can be obtained 104 by dynamic light scattering spectroscopy, which exhibits good agreement with EM studies (15) . 105
These studies have revealed that extrusion of freeze-thawed multilamellar membranes through 106 polycarbonate filters leads to vesicle populations with mean diameters comparable to the pore size 107 of the filter (16). However, there is significant polydispersity when using pore sizes > 200 nm, 108 often yielding bimodal distributions. In particular, 400 nm extruded liposomes obtained from 109 freeze-thawed E. coli polar lipids or 2:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 110 (POPE):1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) membranes, are 111 much smaller than expected, with a peak population near 25 nm and a long rightward tail of larger 112 vesicles (8, 17) . The heterogeneity in liposome sizes has an important impact on the reconstitution 113 statistics of membrane proteins, which must be known for proper interpretation of experimental 114 data, in particular for knowing the 'Poisson-dilution' range, and the expected oligomeric 115 assemblies during equilibrium reactions. 116
117
In this study, we examine the effect of liposome heterogeneity on the statistics of 118 membrane protein reconstitution into liposomes. First, we outline the theory behind calculating 119 the liposome occupancy probability distribution for heterogeneous liposome populations. We 120 focus on the 2:1 POPE:POPG lipid composition, a synthetic mimic of the E. coli membrane and a 121 commonly used lipid composition in reconstitution studies. By comparing simulations with 122 experimental data, we show that the heterogeneous profile of the 400 nm extruded population, 123 agrees with previously published data on fractional occupancy by co-localization microscopy, and 124 yield = 0.5; liposome size distribution, Pradius(r); liposomes accessibility factor, bias = 4 (excludes 142 2.5-22.5 nm bins from Pradius(r)), to model the exclusion of ~(5 nm x 10 nm) CLC-ec1 dimers 143 from smaller liposomes. MATLAB files for the simulation program, and the analytical solution of 144 the heterogeneous Poisson distribution are included as supplementary information. 145 146 2.2 Cryo-electron microscopy imaging of liposomes. A 2:1 mixture of 1-palmitoyl-2-oleoyl-sn-147 glycero-3-phosphoethanolamine: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 148 (POPE:POPG (Avanti Polar Lipids Inc., Alabaster AL)) in chloroform was dried under a N2 gas 149 line whilst the vial was slowly spun by hand to ensure an even distribution. The sample was then 150 resuspended in 1 mL of pentane before being dried again. Dialysis buffer (300 mM KCl, 20 mM 151 citric acid, pH 4.5 using NaOH) was added to the lipids to a final concentration of 20 mg/mL. 152
Next, 35 mM of 3-((3-cholamidopropyl) dimethylammonio)-1-propanesulfonate (CHAPS 153 (Anatrace, Maumee OH)) detergent was added and the solution was sonicated in a cylindrical 154 bath sonicator for 30-60 minutes, until the cloudy solution had become transparent. The sample 155 was dialyzed in Slide-A-Lyzer cassettes (Thermo Scientific, Waltham MA), 10 kDa MWCO, for 156 2 days at 4ºC in dialysis buffer which was changed every 10-12 hours. Once dialysis was 157 complete, the empty liposomes were freeze-thawed seven times by incubating in a dry 158 ice/ethanol bath for 5 min, followed by a room temperature water bath for 15 min, before being 159 stored at room temperature until they were required for imaging. Note, thawing occurs above the 160 phase transition temperature, previously reported to be ~19 ºC (11). This procedure results in 161 large multilamellar vesicles that are turbid and settle at the bottom of the tube ( Figure 4A ). On 162 the day of imaging, liposomes were extruded 21-times through filters with pore sizes of 30, 100 163 and 400 nm then applied to glow-discharged Lacey carbon support films (Electron Microscopy 164
Sciences, Hatfield PA) in 3 µL drops, blotted, and plunged into liquid ethane using a Vitrobot 165 system (FEI). Grids were imaged at 300 kV in a JEOL 3200 fs microscope with K2 Summit 166 direct electron detector camera (Gatan). A magnification of 30,000 was used for the 30 nm and 167 100 nm samples, and a magnification of 15,000 used for the 400 nm sample. For analysis, the 168 polygon selection tool in ImageJ (20) was used to determine the radius of each liposome in 169 nanometers in order to produce radius distributions. Note, all liposomes were analyzed include 170 those lying on the carbon support. For each extrusion pore size, two distributions were obtained: 171 an outer radius distribution and a total radius distribution. The outer radius assumed all 172 liposomes were unilamellar and so only recorded the radius of the outmost liposome in 173 multilamellar liposomes. On the other hand, the total radius was the sum of all radii in 174 multilamellar liposomes meaning the distribution was stiffed slightly to the right with some 175 liposomes having much larger radii. 176 177 2.3 Protein purification and reconstitution. The methods of protein purification were carried out 178 as described previously (14, 17) . Purified C85A/H234C CLC-ec1 with a C-terminal 179 hexahistidine tag in 150 mM NaCl, 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 180 7.0 and 5 mM n-Decyl-β-D-Maltopyranoside, DM, (Anatrace, Maumee OH) was labeled with 181
Cy5-malemide (Lumiprobe, Hunt Valley MD) for 10 minutes followed by quenching with 100 182 mM cysteine. Free dye was removed by binding the protein to a cobalt affinity column, with 183 successive washes. The labeled protein was eluted with 400 mM imidazole, and then the eluate 184 was run on a ~2.5 mL Sephadex G-50 (GE Lifesciences) size exclusion column to separate the 185 imidazole and allow for quantification of the protein labeling yield by measuring the absorbances 186 at 280 nm and 655 nm. The average labeling yield was PCy5 = 0.65 ± 0.01 (mean ± std, n = 3). 187
The fluorescently labeled protein in DM micelles was added to 20 mg/mL 2:1 POPE:POPG 188 solubilized in 300 mM KCl, 20 mM citrate, pH 4.5 adjusted with NaOH and 35 mM CHAPS. 189
The samples were dialyzed in 10 kDa MWCO cassettes, against a 2000-fold excess volume of 190 the same buffer without the detergent, in the dark, at 4°C, with 3-4 buffer changes overall, with 191 changes every 8-12 hours. The last round of dialysis was carried out at room temperature. Assuming a 50% mole fraction recovery as was previously observed (14), then our observed 201 mole fraction is %J'#"K#+ = 0.7 10 0@ subunits lipid ⁄ . 202 203
Single-molecule TIRF microscopy of fluorescently labelled proteoliposomes. 204
Co-localization microscopy. Studies were carried out as previously described (14) . Briefly, the 205 primary amine on POPE was conjugated to Alexa Fluor 488 Carboxylic Acid, 2,3,5,6-206 Tetrafluorophenyl (TFP) ester (Thermo Fisher Scientific) during the POPE/POPG/CHAPS stage, 207 at room temperature and pH 8.0. After 4 hours of incubation, excess free dye was quenched with 208
Tris, and then the lipids were used in the reconstitution procedure as usual, with free dye 209 removed during dialysis. After freeze-thaw and extrusion, liposomes were applied to the slide, 210 and first imaged with the longer wavelength 637 nm laser to detect the Cy5 labeled protein. 211
Next, we imaged the liposomes in the same field using the 488 nm laser. Multicolor tetraSpeck 212 0.1 µm beads (Thermo Fisher Scientific) or co-labeled liposomes were loaded onto a separate 213 lane for imaging in both channels, in order to create an independent mapping file to determine 214 co-localization using a custom-built MATLAB software (21) . 215
Photobleaching analysis. Photobleaching analysis was carried out as described previously (14) . 217
After completion of dialysis, multilamellar vesicles were obtained by seven cycles of freezing 218 (dry-ice/ethanol bath for 5 min or -80 o C, 10 minutes) and thawing (room temperature water bath, 219 10-15 minutes) of the proteoliposome samples. Sodium azide (0.02% w/v) was added to each 220 sample which was then incubated at room temperature for 3-4 days before imaging. Immediately 221 prior to imaging, proteoliposomes were sequentially extruded using 0.4, 0.1, and 0.03 micron 222 nucleopore filters (GE Lifesciences, Maidstone UK) using a LiposoFast Basic extruder (Avestin 223
Inc., Ottawa, Canada). Imaging of fluorescent spots and analysis of steps taken before complete 224 photobleaching was performed as described before (14). 225 226
Theory 227 228
When starting from the large multilamellar membrane state, the act of capturing protein into 229 vesicles as they are extruded can be modeled as a spatial Poisson process. In reality, this is a 230 nonhomogeneous Poisson process because of the diversity of the types of protein species that may 231 be in the membrane, as well as heterogeneity in the surface area of liposomes that form the 232 compartments. Here, we focus on outlining the impact of liposome polydispersity on the resultant 233 membrane protein occupancy distribution. (2) 243 which is equal to the distribution mean and variance. In reconstitution experiments, an 244 experimentalist explicitly sets the number of protein particles, Nprotein, and number of lipids, 245
Nlipids, in a sample for a defined density, or mole fraction of protein per lipid, , 246
248 For many lipids, the surface area of a lipid in the bilayer, Alipid, has been experimentally determined 249 (22), and so the total bilayer surface area, SAtotal, can be calculated as: 250
With this, Nliposomes can be determined, 253 
Liposome occupancy distribution with heterogeneous compartment. For a heterogeneous 258
population of liposomes with a single protein species, the reconstitution distribution can still be 259 solved for analytically as long as the probability distribution of liposomes sizes, Pradius(r), is 260 known. Here, we consider that each sub-population of liposomes with radius r, reduces to an 261 independent homogeneous Poisson process with a different Poisson parameter that depends on the 262 radius of the sub-population: 263 264
265 Note, the number of liposomes depends on the radius for the probability of occurring in the 266 population ( Figure 1A ). The number of protein particles also depends on the radius as the protein 267 is allocated proportional to the fraction of the total membrane area in that sub-population ( Figure  268 1B). 269
270
The occupancy distribution for each sub-population is therefore, 271
273 and the resultant occupancy distribution across all liposomes is: 274
276
The radius dependent Poisson parameter is equivalent to the homogenous form derived in equation 277 (6). This is shown as follows: 278
Where Nliposome,total is the total number of liposomes in the population. To calculate this, we need 281 to again consider the total bilayer surface area set in the experiments: 282
284
Equating this to equation (4) allows us to solve the total number of liposomes in the sample in a 285 heterogeneous population: 286
288 Thus, the number of liposomes in each sub-population of radius r is calculated as, 289
The number of protein particles that are available to partition into each sub-population of 292 liposomes, is proportional to the fraction of membrane surface area occupied by Nliposomes(r). 293
295
Where the fractional surface area is equal to: 296
298 Therefore, 299
300
Substituting (15) and (12) into (7) reduces to equation (6) 
315
And the total volume encapsulated in all of the liposomes, 316
318 Therefore, the fractional volume is: 
Simulations of membrane protein reconstitution. While the analytical solutions above allow 321
for simple calculations of single species incorporated into heterogeneous liposome populations, 322 the calculations become more complicated once multiple protein species are introduced. This 323 requires enumeration of the distribution of different species, and treatment of each as an 324 independent Poisson process into the same liposome population. The overall occupancy then 325 depends on many joint probabilities of co-occupancy of various protein species, of which there are 326 many combinations, making the calculation daunting. A simpler solution is offered by statistical 327 simulation in MATLAB that carries out the random assignment of protein species into matrices 328 representing different liposome sub-populations. Figure 1 shows a schematic of the simulation, 329 which highlights the impact of the differential surface area in a heterogeneous distribution. The 330 details of this method have been outlined previously and we refer the reader to these papers for 331 futher details on the simulation (14, 17) . The key parameters in the simulation are all 332 experimentally determined, including the area per lipid, Alipid = 0.6 nm 2 (19); probability of subunit 333 labeling, Pfluor; probability of non-specific subunit labeling, Pns measured in a cysteine-inaccessible 334 construct; mole-fraction recovery, yield; liposome size distribution, Pradius(r); and liposomes 335 accessibility factor, bias = 4 (excludes 2.5-22.5 nm bins from Pradius (r) the number of liposomes is comparable in the two conditions ( Figure 2D ). In contrast, the 2:1 361 POPE:POPG curve is shifted to the right, requiring much higher protein densities to saturate the 362 vesicle population, a consequence of the increase in Nliposomes. On the other hand, the fractional 363 volume of empty vesicles is similar for the three distributions ( Figure 2F ). The fractional volume 364 is often measured during functional measurements of ion efflux from vesicles, and has been used 365 to inform on membrane protein reconstitution statistics and protein stoichiometry (8, 13, 24) . 366
Here, we see that the fractional volume is less sensitive to the changes in the liposome size 367 distribution. Examining the protein occupancy statistics demonstrates how heterogeneity in the 2:1 368 POPE:POPG distribution leads to a spreading of single and double occupancy states over a wider 369 range of densities ( Figure 2G,H) , but the increased number of liposomes reduces the probability 370 of saturation with more than three protein subunits ( Figure 2I ). Note that for all cases, we have 371 calculated the analytical solution in parallel to simulating the reconstitution process and there is 372 complete agreement between the two methods. 373 localization data agrees with the 2:1 POPE:POPG distribution, with 50% of the vesicles occupied 383 at f.@ ~ 9 x 10 -5 subunits/lipid while the egg PC distribution predicts a higher probability of filling 384 at lower densities, with f.@ ~ 2 x 10 -6 subunits/lipid. Next, we compared the occupancy data from 385 functional measurements of liposomal efflux of the CLC-ec1 Cl -/H + antiporter (8) and Fluc F -386 channel reported in the literature (13). In these "ion-dump" assays, liposomes are loaded with a 387 high concentration of the transport ion, and then exchanged into a low ion concentration. Since the 388 movement of the ion across the membrane is electrogenic for either protein, efflux is initiated by 389 addition of valinomycin, which sets the membrane potential to zero and allows the ion to flow 390 down its concentration gradient. Vesicles that do not contain active protein are still ion-loaded, 391
and addition of a detergent that disrupts all membranes releases the remaining amount of trapped 392 ion. From this, a fractional volume of empty vesicles, F0,vol, can be experimentally measured. We 393 took three studies where F0,vol was reported as a titration of protein density and extrapolated the 394 data: WT CLC-ec1, E148A/Y445S CLC-ec1 and the EC2 Fluc Fchannel (8, 13) . The data were 395 compared to simulations of protein reconstitution into 400 nm extruded vesicles from egg PC or 396 2:1 POPE:POPG membranes ( Figure 3B ). Each set of experimental data overlays with one another, 397 independent of the protein construct. Furthermore, the data agrees with the 2:1 POPE:POPG 398 distribution, with f.@ ~ 5 x 10 -6 subunits/lipid compared to f.@ ~ 7 x 10 -7 subunits/lipid expected 399 from an egg PC distribution. Altogether, both methods of measuring liposome occupancy agree 400
with the presence of smaller liposomes indicated by the 2:1 POPE:POPG distribution, and not 401 idealized or egg PC distributions. 402 when these membranes are extruded through even smaller pores. Figure 4A shows cryo-electron 406 microscopy images of liposomes after freeze/thaw and following extrusion by 400 nm, 100 nm 407 and 30 nm pores. The probability distributions of the outer radii of each vesicle ( Figure 4B) and 408 the fractional surface area ( Figure 4C ) are reported for each population. The mean ± standard 409 deviation of outer radii of the freeze-thawed samples is ̅ r"##s#0(t[u = 164 ± 119 nm (and 48% as 410 multilamellar vesicles). Note that the freeze-thawed distribution is not expected to be 411 representative of the total population, as the larger vesicles that comprise the majority of the 412 population, ~ 10 µm in diameter (11) would not be captured in the thin layer of vitreous ice. The 413 414 average values of the distributions decrease with extrusion, with ̅ vff &W = 71 ± 56 nm (13% 415 MLVs), ̅ wff &W = 42 ± 22 nm (17% MLVs) and ̅ 7f &W = 30 ± 12 nm (10% MLVs), and they 416 become more homogeneous. Note that the analysis included counting liposomes that resided on 417 the carbon grid, outside of the vitreous ice for a complete representation of all vesicles in the 418 population. The three extruded distributions of 2:1 POPE:POPG vesicles shows that the 419 populations are not overwhelmingly different, and are all peaked around 25-30 nm. The major 420 difference is the reduction of the larger liposome tail, resulting in increasingly homogenous 421 populations of vesicles upon reducing the size of the extrusion pore. The fraction of MLVs in the 422 extruded samples is small, 10-17% and does not change with pore size. To consider the increased 423 amount of membrane in the MLVs, we also calculated the total radius distributions. Here, the area 424 from all bilayers within a MLV are added together and counted as a single liposome with larger 425 radius ( Supplementary Figure 1) . Since the fraction of multilamellar vesicles is small, this results 426 in a nearly undetectable rightward shift of each distributions. The data for all of the liposome size 427 distributions are reported in Tables 1 & 2 through the three different pore sizes ( Figure 5) . At low densities, "#$%&'()(*(#+ = 10 -6 & 10 -7 433 subunits/lipid, there is no change in the photobleaching probability distributions across the 434 different extrusions. This is likely because the protein is at densities below the 'Poisson-dilution' 435 limit, where there is a near zero probability of a vesicle being occupied by more than one protein. 436
However, this also shows that the probability distribution, and monomer-dimer populations, are 437 independent of the extrusion method. On the other hand, extrusion of the highest density sample, 438 "#$%&'()(*(#+ = 10 -5 subunits/lipid, is dependent on the extrusion pore size. At this density, 439 liposomes contain many protein particles, and so reducing the number of larger liposomes in the 440 population allows the protein to distribute across more vesicles. A direct comparison of the 441 simulations with this new experimental data ( Supplementary Figure 2) shows the overall 442 agreement and predictive power of the simulation, provided the liposome size distribution is 443 experimentally measured. 444 445 4.5 30 nm extrusion expands the dynamic range of discriminating between monomer and 446 dimer reconstitution statistics. Previously, we have shown that photobleaching analysis of 447 subunit-capture statistics into liposomes can be used to inform on the populations of protein 448 stoichiometry, from which information about equilibrium reactions in the membranes can be 449 obtained (14). For instance, CLC-ec1 behaves in a monomer-dimer equilibrium that can be 450 followed by changes in the photobleaching probability distribution as a function of the density. 451
The power of this approach depends on the ability for protein species -monomers, dimers or other 452 oligomeric forms -to be captured independently into different liposomes. Over-filling of 453 liposomes at higher densities limits the ability to detect differences between protein populations 454 limiting the dynamic range of the experiment. One possible solution is to use a smaller liposome 455 population that will allow for the protein to distribute across more vesicles to allow for better 456 resolution of the monomer vs. dimer statistics. Figure 6 shows the expected non-reactive monomer 457 ( Figure 6A ) and non-reactive dimer ( Figure 6B ) occupancy statistics for the three distributions of 458 2:1 POPE:POPG liposomes. To calculate the fraction of dimer in the population, a least-squares 459 method of estimation is used to fit the experimental data between the monomer and dimer 460 benchmarks. Figure 6C shows the maximum signal for the least-squares analysis, Rmax, or distance 461 between the monomer and dimer vectors, defined by the various combination of experimental 462 values: P1, P2, P3+ and *F0,num. The 30 nm distribution leads to an increase in Rmax at higher 463 densities, increasing the power in estimating FDimer as a function of the mole fraction. 464 465
Discussion 466
In this study, we examine how the liposome population, as a function of size and heterogeneity, 467 affects the reconstitution statistics of membrane proteins into vesicles. Previously, we found that 468 liposomes obtained by extruding freeze-thawed 2:1 POPE:POPG membranes through 400 nm 469 filters generate a heterogeneous size distribution containing smaller liposomes with peak radii 470 around 25 nm and a long tail of larger vesicles (17), in agreement with results reported for 471 membranes derived from E. coli polar lipids (8). This heterogeneity spreads out the filling 472 statistics, and protein occupancy across higher densities of subunit/lipid mole fraction. Further 473 extrusion with smaller 100 & 30 nm filters reduces the rightward tail, leading to a homogeneous 474 distribution of liposomes. The methods of measuring membrane protein reconstitution statistics by 475 proteoliposome efflux assays, co-localization microscopy, and single-molecule photobleaching 476 analysis agree with simulations using the experimental 2:1 POPE:POPG distributions. These 477 results demonstrate that knowledge of the experimentally determined liposome size distribution 478 provides an understanding of the way that protein is captured into vesicles, which can be used to 479 understand when there are conditions where single-molecules prevail, or to extract information 480 about assembly reactions, such as oligomerization (14). In turn, this paper provides key 481 benchmarks for informing on how membrane proteins reconstitute into a synthetic mimic of the 482 E. coli membrane, a standard lipid composition for functional assessment of membrane protein 483 structure and function. 484
485
At first consideration, it is surprising that EPL and 2:1 POPE/POPG membranes extruded 486 through 400 nm pores generate a population of 25 nm liposomes. However, this has been 487 observed often in liposome populations extruded through filters with pore sizes 200 nm or larger. 488
This effect appears to be independent of the liposome composition, with 1,2-dimyristoyl-sn-489 glycero-3-phosphocholine (DMPC) (15) and 1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) 490 (25). Smaller vesicles are also observed in the freeze-fracture micrographs of 400 nm egg PC 491 liposomes, although the overall distribution is described as "relatively homogeneous" (12). In 492 fact, the large standard deviation reported for this distribution indicates that it is likely to contain 493 high polydispersity. In addition, the smaller vesicles are observed across different methods of 494 liposome preparation, including direct hydration of dried lipids, or by solubilization in detergent 495 followed by dialysis. Therefore, it appears as though the presence of small liposomes in the 496 vesicle population may already exist in the sample prior to extrusion, or arise by the physical act 497 of extrusion, independent of the pore size. One way this may occur is by freezing-induced 498 fragmentation. During the freeze-thaw step, smaller liposomes are derived due to the breakage of 499 small membranes that reform into distinct vesicles. This has been demonstrated to occur for 500 dioleoyl-phosphatidylcholine, DOPC membranes (26) as well as mixtures of DOPC and 501 dioleoyl-phosphatidic acid, DOPA (27). In the 2:1 POPE:POPG membrane composition, we 502 observed many smaller vesicles in the freeze-thawed samples, and while we do not know the 503 proportion of these smaller vesicles relative to the true overall distribution, which is not 504 measured here, it suggests that the smaller vesicles are present prior to extrusion. In this case, the 505 sub-population of smaller liposomes acts as a constraint on the heterogeneity of the liposome 506 size distribution. It is an immovable population, and so a homogeneous distribution can only be 507 obtained if the remaining liposomes conform to the contaminating population. 508
509
The 30 nm extruded liposome population offers several benefits for the study of membrane 510 proteins in proetoliposomes. It increases the number of liposomes in the sample, and as a result, 511 extends the 'Poisson-dilution' range with single or zero occupancy prevailing up to higher 512 densities of 10 -5 subunits/lipid. This can be useful for the study of transporters, which can have 513 limited signals due to the slow movement of ions or substrates. By extruding samples through 30 514 nm filters, it is therefore possible to examine the protein at 10-fold higher density while 515 maintaining individual molecules per vesicle. This also offers an ability to maximize the collection 516 of single-molecule microscopy data, for instance dynamic FRET trajectories mapping 517 conformational changes, as one can increase the protein density while increasing the probability 518 that liposomes contain the required single-molecule. Finally, it increases the dynamic range to 519 discriminate between monomer and dimer populations in the freeze-thawed multilamellar 520 membrane, since the chance of random co-capture of subunits is reduced. Our results also indicate 521 that extrusion acts as a passive capture approach and does not affect the characteristics of the 522 system. At low densities, we see no change in the photobleaching probability distributions of CLC-523 ec1-Cy5 as a function of extrusion pore size. This means that the density dependent monomer-524 dimer equilirbium in the freeze-thawed large membrane have not been altered due to the act of 525 extrusion alone, supporting extrusion as a passive procedure of compartmentalizing membranes 526 and membrane proteins together. 527 528 6. Conlcusion. In conclusion, it is important to understand the statistics of membrane protein 529 reconstitution into liposomes that are generally used for studies of membrane protein structure and 530 function. While the commonly used composition of 2:1 POPE:POPG, a mimic of the E. coli polar 531 lipids composition, yields an unexpectedly smaller population of liposomes, the heterogeneity in 532 the liposome sizes does not affect the ability to calculate the expected liposome occupancy 533 distribution. Single-molecule microscopy data describing the (i) co-localization fraction of CLC-534 ec1-Cy5 with AF488-labeled vesicles (ii) and single-molecule photobleaching distributions of 535 CLC-ec1-Cy5, as well as (iii) functional studies of the inactive fraction of vesicles in transport 536 assays of CLC-ec1 or the Fluc Fchannel, all agree with the calculated liposome occupancy 537 distribution based on the heterogeneous 400 nm 2:1 POPE:POPG liposome population. Therefore, 538 complete description of liposome occupancy can be caculated for any system provided the 539 liposome size distribution has been measured by cryo-EM or other methods. We recommend 540
proper consideration of this when changing lipid composition in reconstitution studies, as 541 unexpected changes in the size distribution can arise. Overlay of randomly distributed CLC-ec1 monomers (enlarged to be visible) over the total membrane area, corresponding to a density of ( )*+,-./0/1/*2 ~ 5 6 10 9: subunits/lipid (i.e. ~0.5 µg/mg for CLC-ec1 subunit). This cartoon illustrates how larger vesicles have an increased probability of being being occupied due to their increased allocation of membrane area. In contrast, smaller vesicles have a higher likelihood to remain unoccupied at similar densities. Table  1 while the 400 nm distribution was presented previously (17). 
